main results and the role of chance: The mean STL was positively correlated with the age of patient (r P ¼ 0.100; P ¼ 0.041) and total sperm count/ejaculate (r p ¼ 0.28; P , 0.001). Analysis of the age-adjusted mean STL in relation to the male patient's paternal and maternal ages at the time of his conception showed significant positive relationships between STL and both paternal (r ¼ 0.16; P ¼ 0.003) and maternal (r ¼ 0.19; P , 0.001) ages at the time of conception. In addition, significant correlations were found between STL and good quality embryo (regression coefficient: 1.63; P , 0.001) and transplantable embryo rates (regression coefficient: 1.57; P , 0.001), but clinical pregnancy rates were not affected (odds ratio ¼ 1.00 [95% CI: 0.93-1.07]; P ¼ 0.90).
Introduction
Telomeres are non-coding tandem repeat DNA sequences, (TTAGG) n , that cap the ends of eukaryote chromosomes and extend for several kilobases. In association with bound proteins, telomeres protect chromosome ends from being recognized as double-strand breaks requiring IVF treatment outcomes. One study showed that fertile women have oocytes with longer telomere lengths than those of infertile women (Keefe, 2007) . Cheng et al. (2013) found that longer telomere lengths in cumulus cells were usually associated with the rates of oocyte maturation, fertilization and good quality embryos, suggesting that the telomere length in human cumulus cells is important for oocyte maturation and embryo development. Telomere length of granulosa cells might also be a potential biomarker of oocyte and embryo quality (Cheng et al., 2013) . Another study demonstrated that telomerase activity can predict the outcome of IVF treatment better than telomere length in granulosa cells (Wang et al., 2014) . However, because of the limitations on collecting materials, especially for oocytes, it is difficult to apply these findings in the clinic for predicting IVF treatment outcomes.
Although at this time the role of sperm telomere length (STL) is not clearly understood, an increasing number of studies have found that STL may play an important role in reproduction. STL increases with age, which might relate to telomere elongation in sperm from older men (Kimura et al., 2008) . And advancing paternal age is usually associated with an increased leukocyte telomere length in offspring (Kimura et al., 2008; Sartorius and Nieschlag, 2010; Eisenberg, 2011; Aston et al., 2012; Gibbons, 2012) . Additionally, this paternal age effect on the telomere length of the offspring can be transmitted across multiple generations (Eisenberg et al., 2012) . Thus, a paternal age effect on the telomere lengths of the offspring may provide an adaptive strategy to enhance the lifespan of the offspring of older males (Eisenberg, 2011) .
In contrast to oocytes, semen samples are easy to collect. Despite this, to the best of our knowledge, there have been no reports investigating the association of STL and embryo quality in humans. The present study was designed to determine whether STL is associated with embryo quality and pregnancy following IVF in a population of women with normal ovarian function. We also analyzed STL in relation to spermatogenic activity and the age of the male patient's parents at conception. The results showed that STL was positively associated with individual age, the sperm count of the ejaculate, and paternal and maternal age of the male patient's parents at the time of his conception. Moreover, a significant correlation was found between STL and the rates of good quality embryos and transplantable embryos, but clinical pregnancy was not affected.
Materials and Methods

Patient selection
This study was conducted with patients who enrolled in the assisted reproduction program at the Reproductive Medical Center of the first Affiliated Hospital of Zhengzhou University from August 2013 to August 2014. The inclusion criteria were all patients who were undergoing their first fresh cycle of IVF, had normal chromosome karyotypes, and had no Y chromosome microdeletions in the male patient. Female patients, with tubal obstruction or unexplained reasons for infertility, had normal levels of basal serum follicle stimulating hormone (FSH , 10.0 IU/l), and were treated with conventional IVF using the long GnRH agonist protocol. The exclusion criteria for the female patients were a history of ovarian surgery or medication known to impact ovarian function prior to this study. The BMI of the male patients was between 20 and 25 kg/m 2 . The exclusion criteria for the males were evident causes of spermatogenic impairment, such as seminal infection, sperm autoantibodies, varicocele, history of cryptorchidism or orchitis. Informed consent was obtained from all couples for the use of their semen and data writing. This study was conducted under Institutional Review Board approval from the first Affiliated Hospital of Zhengzhou University.
Semen collection, analysis and processing before IVF Semen samples were collected on the day of oocyte retrieval, and semen analysis was conducted according to standard World Health Organization protocol (WHO, 2010) . Semen samples were prepared using a SpermGrad (NidaCon Laboratories AB, Gothenburg, Sweden), discontinuous density gradient (90 -45%); SpermGrad 100% was diluted with IVF medium (Vitrolife, Sweden) to obtain 90% and 45% dilutions. Briefly, two gradient columns were prepared in falcon tubes (BD) by gently layering 1.5 ml of each solution, with the 90% fraction at the bottom. After liquefaction, the semen was gently added to the top of the discontinuous density gradient columns along the wall of the tube. The samples were centrifuged at 400 g for 15 min at room temperature, and the precipitant was collected and washed twice with 1 ml of IVF medium via centrifugation at 350 g for 5 min. After centrifugation, the final sperm preparation was suspended in a suitable volume of modified IVF medium with 5% human serum albumin (HSA; Irvine Scientific, Santa Ana, CA, USA).
In vitro fertilization
The retrieved cumulus -oocyte complexes (COCs) were exposed to spermatozoa at a concentration of 100 000/ml in a 4-well Nunc dish for 4 h after oocyte retrieval ( 40 h after hCG injection). After 4 h of insemination, cumulus cells were removed from the COCs using a pulled Pasteur pipette with a 150-mm diameter. Oocytes were examined after removal of cumulus cells at the fertilization check, 14 -18 h after insemination. Normally fertilized oocytes with two clear pronuclei (PN) were cultured in G1.3 for another 48 h before being transferred to the uterus on Day 3. Embryo developmental states were recorded from Days 0 to 3. All Day 3 embryos were assigned a grade from 1 to 5. A grade 1 embryo is the best, consisting of symmetrical blastomeres of equal size with no fragmentation. A grade 2 embryo has equal size blastomeres with less than 10% fragmentation. A grade 3 embryo contains even or uneven blastomeres with 10 -25% fragmentation. A grade 4 embryo has equal or unequal size blastomeres with 25 -50% fragmentation. A grade 5 embryo contains few blastomeres of any size with more than 50% fragmentation. Good quality embryos on Day 3 were defined as those with six to eight equally sized cells and comprising less than 10% cell fragments (Grade 1 or Grade 2). The number of embryos transferred was 1.90 (range from 1 to 3 embryos), which complied with national regulations. Selection of embryos for transfer was based on pronuclear scoring.
Telomere length assay
DNA was extracted from the remaining sperm after insemination using the QIAamp DNA Mini Kit (Qiagen 51106) according to manufacturer's recommendations. The STLs of the DNA samples were analyzed using the method of Q-PCR previously described (Cawthon, 2002) . Amplification of the telomeric repeat region (T) was expressed relative to the amplification of the housekeeping gene 36B4, a single copy gene (S) located on chromosome 12 (Boulay et al., 1999) . The telomere to single copy (T/S) ratio was thought to be proportional to the average telomere length of the sample because of the amplification is proportional to the number of primer-binding sites in the first cycle of the PCR reaction.
The protocol was performed as described by Cawthon (2002) with some modifications. Briefly, all of the samples were run on 96-well plates using a 7500 Real-Time PCR System (Applied Biosystems, USA). To generate a standard curve, each plate contained reference DNA from the HCT 116 Sperm telomere length and early embryo development cell line that was serially diluted to concentrations ranging from 14 to 0.875 ng/ml. Each sample was run in triplicate with 5 ml genomic DNA/ reaction, and amplifications were carried out in 20 ml reactions containing 20 ng (5ml × 4 ng/ml) genomic DNA and 1 × SYBR Green reaction mix (Qiagen, 204054) . For the telomere PCR, 300 nm of the forward primer (5 ′ -GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAG GGT-3 ′ ) and 700 nm of the reverse primer (5 ′ -TCCCGACTATCCCTATCCCTAT CCCTAT CCCTATCCCTA-3 ′ ) were used. For the 36B4 PCR, 300 nm of the forward primer (5 ′ -CAGCAAGTGGGAAGGTGTAATCC-3 ′ ) and 500 nm of the reverse primer (5 ′ -CCC ATTCTATCATCAACGGGT ACAA-3 ′ ) were used. For both the telomere and 36B4 PCR reactions, the cycling conditions were 958C for 10 min followed by 30 cycles of 958C for 15 s and 568C for 1 min. The average R 2 s of the T and S standard curves were 0.986 (0.963 -0.997) and 0.981 (0.961 -0.994), respectively and the efficiency values for T and S were 108.7% (101.2 -110.7) and 103.5% (100.3 -109.1%) respectively. Mean Ct values were used to compute the relative telomere length using the T/S ratio according to the following formulas: DCt sample ¼ Ct telomere 2 Ct control ; DDCt ¼ DCt sample 2 DCt reference curve ¼ (Ct sample 2 Ct control ) 2 (Ct sample 2 Ct control ); and then T/S ¼ 2
2DDCt
. The mean value of coefficient variation of the samples' T/S was 3.11% (range from 2.28 to 3.54%).
Statistical analyses
Pearson correlation (r p ) was used to analyze the association between STL with the patient individual age and the sperm count. The partial Pearson's correlation coefficient (r) was used to estimate the relationship between STL and the male patient's maternal or paternal age at conception after adjusting for his age. In order to identify the relationship between STL and clinical parameters in IVF, multivariable linear regression was used to analysis the association between STL and the fertilization, good embryo quality and transplantable embryo rates. We used fertilization, good embryo quality or transplantable embryo rate as a dependent, and STL, patient ages, BMI, sperm count and basal FSH as independents in the regression analysis, respectively. Multivariable logistic regression was used to investigate whether STL can affect clinical pregnancy when adjusted for female age, female BMI, the number of embryos transferred, basal FSH levels, male age, male BMI, and the sperm count.
All of the statistical analyses were carried out using the Statistical Program for Social Sciences (SPSS Inc., Version 16.0, Chicago, IL, USA). P , 0.05 was considered statistically significant.
Results
Associations of STL with age, sperm count and male patient's parental age at conception
The basic characteristics of the patients are shown in Table I . Data are reported as the mean + standard deviation or as the median (range). The relative STLs in this study are shown in Fig. 1A , and they presented with high inter-individual variations. As is shown in Fig. 1B , an increasing STL with increasing age (r p ¼ 0.10; P ¼ 0.04) was observed. Analysis of the relationship between STL and sperm count also revealed a positive association ( Fig. 2A) (r p ¼ 0.28; P , 0.001). Analysis of age-adjusted mean STL in relation to the male patient's parental ages at the time of conception demonstrated a significantly positive correlation between STL and both the paternal (r ¼ 0.16; P ¼ 0.003) (Fig. 2B ) and maternal age (r ¼ 0.19; P , 0.001) (Fig. 2C) .
Associations between STL and the fertilization rate, good embryo quality rate, transplantable embryo rate, and clinical pregnancy rate in IVF In order to analyze the associations between STL and fertilization rate, good embryo quality rate and transplantable embryo rate, we performed linear regression analyses. The results showed that STL was positively associated with both the good embryo quality rate (regression coefficient: 1.63; P , 0.001; Table II) and the transplantable embryo rate (regression coefficient: 1.57; P , 0.001; Table III) in IVF, but there was no significant association between STL and the fertilization rate (regression coefficient: 20.18; P ¼ 0.49). Multivariable logistic regression analysis also showed no significant association between STL and clinical pregnancy rates (odds ratio ¼ 1.00 [95% CI: 0.93 -1.07]; P ¼ 0.90).
Discussion
In this study, we used a quantitative PCR-based technique to measure the STLs of 418 couples undergoing IVF treatment. To the best of our knowledge, this is the first study to examine the possible role of STL in the development of embryos for IVF in humans. We also obtained important information regarding the relationship between STL and age, spermatogenic activity, and parental age at birth in a large sample of men with idiopathic infertility. The results showed that there were high inter-individual variations among the patients' STLs, and the STL was positively associated with patient's age, which is consistent with previous studies (Kimura et al., 2008; Aston et al., 2012; Ferlin et al., 2013) . A possible explanation for this phenomenon is the presence in older men of a subset of sperm with longer telomeres (Kimura et al., 2008) . Meanwhile, a significant positive correlation between STL and sperm count was found. This result is also similar to that found in young men (Ferlin et al., 2013) . Rodriguez et al. (2005) reported that short telomeres are usually associated with between sperm telomere length and male patient's father's age at conception, adjusted for the patient's age. (C) Correlation between the sperm telomere length and male patient's mother's age at conception, adjusted for the patient's age.
Sperm telomere length and early embryo development sperm DNA fragmentation in mice (Rodriguez et al., 2005) . Shortened telomeres in mice negatively affected synapsis and recombination between homologous chromosomes. These effects then lead to segregation errors and spermatocyte apoptosis, finally resulting in reduced sperm counts and fertility loss in mice (Liu et al., 2004; Thilagavathi et al., 2013) . The pathogenesis of human infertility is complex; at this time, the underlying etiologies of human infertility remain to be elucidated. The results from this study of 418 infertile couples, together with the findings of previous studies, further hint that shortened telomere length may be one pathogenic factor causing human infertility.
In the present study, we also found that STL was positively correlated with both the paternal and maternal ages of the male patients at the time of conception, which is consistent with the results of a previous study (Ferlin et al., 2013) . Some studies on lymphocyte telomere lengths have shown that advancing paternal age is associated with increasing telomere lengths in offspring (Kimura et al., 2008; Sartorius and Nieschlag, 2010; Gibbons, 2012; Eisenberg, 2014) .
To our surprise, we found, for the first time, that the telomere length in sperm was associated with the embryo quality in IVF. Previous studies have found that telomeres migrate toward and associate with the nuclear membrane during spermatogenesis (Zalensky et al., 1995 (Zalensky et al., , 1997 Bolzan and Bianchi, 2006; Meyer-Ficca et al., 2009) . This telomere migration procedure during spermatogenesis is believed to play an essential role in pronucleus formation and early development (Powell et al., 1990) . There is evidence demonstrating that telomere shortening in sperm with longer telomeres can help to maintain the critical telomere length during cleavage post-fertilization (Achi et al., 2000) . Another study in mice found that sperm with short telomeres from late generation telomerase null mice (TR 2/2 ) resulted in increased embryo fragmentation, low embryo quality, and apoptosis when used to fertilize wild-type oocytes (Liu et al., 2002) . Therefore, it may be possible that sperm with shorter telomere lengths lead to abnormal cleavage after fertilization occurs, resulting in poor-quality embryos. However, although the patients with shorter telomeres usually had lower good-quality embryo rates, we did not observe any effect on the clinical pregnancy rate. One possible explanation for this phenomenon is that we selected patients undergoing their first fresh IVF cycle. Although the patients with shorter STLs usually had lower good quality embryo and transplantable embryo rates, most couples still had enough good, high-quality embryos for transplantation. In this study, 91.3% of the patients had two or more high-quality embryos. The cumulative pregnancy rate might be more appropriate to use when analyzing the effects of STL; such studies will be ongoing. In this study, male and female age had only weak effects on embryo quality. The reason may be that their ages were relatively concentrated: the mean age of the males was 30.3 + 4.0 (years) and only 5.5% of patients were older than 35 years; the mean age of the females was 30.3 + 4.8 (years) and the proportion of the patients older than 35 was 6.7%. In conclusion, this is the first study to address the potential contributions of telomere lengths in human sperm for use in IVF in assisted reproductive technology. Our study sheds new light on the possible role of sperm telomeres in spermatogenesis, male infertility and embryonic development. A recent study has reported that newborns with shorter telomeres present significantly higher levels of genetic damage when compared with those with longer telomeres (Moreno-Palomo et al., 2014) . Thus, additional studies are needed to determine the effect of shorter STLs from oligozoospermic men undergoing assisted reproductive technology treatment on the telomere lengths of offspring and on genomic instability.
